Abstract: Existing studies that consider the techno-economics of residential heating systems typically focus on their performance within present-day energy systems. However, the energy system within which these technologies operate will need to change radically if climate change mitigation is to be achieved. This article addresses this problem by modelling small-scale heating techno-economics in the context of significant electricity system decarbonisation. The current electricity market price regime based on short run marginal costs is seen to provide a very weak investment signal for electricity system investors, so an electricity price regime based on long run marginal energy costs is also considered, using a case study of the UK in 2035. The economic case for conventional boilers remains stronger in most dwelling types. The exception to this is for dwellings with high annual heat demand. Sensitivity studies demonstrate the impact of factors such as price of natural gas, carbon intensity of the central grid and thermodynamic performance. Fuel cell micro combined heat and power shows most potential under the long run electricity price regime, and heat pumps under the short run electricity price regime. This difference highlights the importance of future electricity market structure on consumer choice of heating systems in the future.
Introduction
The decarbonisation of heat provision is one of the main challenges of broader climate change mitigation [1] . Heat is a significant end-use, for example in the UK space and water heating makes up 23% of final energy consumption and 55% of non-transport energy consumption [2] . It is also typically relatively carbon intensive, relying on fossil fuels such as natural gas [1] , and is underpinned by long-established and low-cost incumbent technology such as boilers serving demand [3] . While alternative technology and fuel options certainly exist for heating, they are generally either significantly costlier [4] , or require infrastructure build in the form of district level heat networks as installing components that cater to individual houses is not economically viable [5] .
This range of factors makes heat difficult to decarbonise, and therefore an important area of energy research. This is reflected in the literature, with a range of studies exploring the engineering challenges and performance of different heating technologies [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The vast majority of the studies that consider techno-economics do so in the context of the present-day energy system. However, the energy system within which heating technologies operate is expected to change significantly in the coming decades [19, 20] . In particular, decarbonisation of electricity is seen as a cornerstone of any system-wide climate change mitigation strategy [21] . Therefore, it is important and timely to consider heating technologies in the context of this changing system.
One of the developments in a low carbon future that is of importance is the evolution of electricity prices. If the market follows the status quo and is driven by short run marginal cost, it is seen to provide very weak economic incentives for investment in the electricity system. Therefore, it cannot represent a sustainable price to consumers. It is clear that new electricity market signals will be necessary in the future. Generators will need to mitigate the risk associated with low utilization and low market prices in order to remain viable. One way that risk is currently handled by low carbon generators is through the use of instruments such as Contract for Difference. This provides the low carbon generator with a stable revenue stream in the face of uncertainty. Since such solutions are critical to ensure smooth operation of the electricity grid, this study introduces the use of a fixed power purchase agreement. Generators receive a constant charge for all power they inject into the grid. If this charge is priced by accounting for upfront costs and capacity factor, the revenue generated will able to recover the money invested. This presents a simple and arguably a reasonable way forward for all generators participating in the market. More complex instruments are possible, the design of which is beyond the scope of this article.
This article considers the techno-economics of small-scale residential heating technologies within a changing energy system. It develops a technology-rich model of a range of small-scale heating systems, and considers their economic performance in scenarios of broader energy system change drawn from a new dispatch model of the electricity system. By bringing these models together new insights can be drawn into the primary factors that impact upon the success of approaches to residential heat decarbonisation.
The primary novel contributions of this study are highlighted as follows. The key contribution is the analysis of individual residential heating systems in the context of electricity system decarbonisation, through the combination of an electricity dispatch model with an individual residential heating system model. This article incorporates Equivalent Annual Cost (EAC) as the performance index which drives technology selection in contrast to existing works which compare primary energy consumption and emissions. This is done since economic viability is seen to be the most important factor from the consumer's perspective. This analysis also required characterisation of an electricity price regime that is based on long run marginal electricity costs. Hence this work has developed an electricity price regime that incorporates capital costs and annual utilization, analogous to the cost of power purchase agreement or similar market instruments suitable for low carbon generators.
The article is structured as follows: the next section presents the background context to this problem, reviewing the challenge and studies to date. This is followed by the methodology applied herein to characterise small scale heating and the possible energy systems it could operate within. The results are then presented and discussed, leading to conclusions.
Background
Heat decarbonisation measures can be broadly classified into four groups: Behavioural and efficiency measures, electric heating, low carbon gases and district heating networks. Behavioural and efficiency measures can reduce demand through the use of insulation [22] , orientation [23] , heating controls [24] high efficiency boilers [25] and changes in behaviour or attitudes towards heating [26] . Another approach to efficiency is the use of micro combined heat and power (micro-CHP) to produce both electricity and heat onsite [27] . Low carbon electricity is also a key contender, as the electricity grid begins to incorporate higher shares of wind, solar and other low carbon sources. Heat pumps present an opportunity to consume this electricity and reduce carbon emissions in the process [28] . Bioenergy can reduce GHG emissions by processing renewable materials such as wastewater into useful fuels, most commonly through anaerobic digestion [29] . Synthetic natural gas and hydrogen are other possible alternatives to natural gas [30, 31] , and can be applied in conventional technologies such as boilers or alternatives such as fuel cell based micro-CHP. Furthermore, larger-scale heat production coupled with a heat distribution network, also offers opportunities to decarbonise heating at various levels ranging from community to city wide projects [32] .
Many studies consider specific options for the decarbonisation of heat. Combined heat and power, heat networks and fuel substitution are seen to be options that can potentially decrease carbon emissions in industry [33] . A wide range of other options are also present in the literature: Energy efficiency is likely to be part of the future regardless of the end-use technology and supply source chosen, and hence clear goals must be set to encourage their adoption [34] . Heat pumps are another option. Although entailing high capital cost, heat pumps are seen produce considerable emission savings [17] , though this clearly depends on prevailing conditions such as the carbon intensity of the national electricity grid [35] . District heating is also seen to show great promise to reduce emissions but is highly dependent on policy or regulatory support in order to support coordinated roll out and uptake [36] . Direct use of hydrogen is an option with the added benefit of possibly using existing gas network infrastructure, but would require network adaptation and consumers to switch appliances [37] . Although many options exist, most are there exists no comparison between technologies with the status quo in terms of investment and operating cost in a future scenario. Thus, the challenge of decarbonising heat is far from solved. In this study we consider options that an individual consumer can choose to install without requiring changes in heat network infrastructure or in the supply side.
It is important to recognise that the decarbonisation of heat will take place within broader energy system decarbonisation, a point that has not been comprehensively studied. The authors have shown in [38] that decarbonisation of the power sector leads to changes in electricity prices. Therefore, it is important to consider the economic performance of heating technologies within this changing energy landscape. Typically, such cross-system interactions are investigated via use of whole energy system models. For example, the intersection between broader energy systems and the supply of heat has been studied in [39] [40] [41] [42] . Recent applications of such models focus on identification of optimal pathways of energy system change [19] . These tools typically operate at the national, regional or global level, and as such are necessarily coarsely temporally and spatially-resolved [43] . Though they are suitable for macro-level analysis, the characteristics of individual entities are lost during aggregation, and more detailed highly-resolved and investor-centric models are needed to explore and test the potential solutions that they present.
While many articles in the literature consider a single heating technology, relatively few are devoted to the comparison of heating options. The references summarised in Table 1 are closest to the scope of this article. The main distinctions between them are related to whether a current or future energy system is considered, the heating system control strategy used, and the types of models that define operation and system description. References that use a representation of individual consumers are limited to the present-day energy system [15, 16] , with the exception of [17, 18] where the discussion of the future is limited to the change in carbon intensity of electricity generation. Aggregated representations [44, 45] do not provide information about the performance of an individual household. Therefore, such models cannot showcase the impact of technology adoption on the individual consumer. It is worth noting that the studies that deal with individual consumers in Table 1 focus on primary energy consumption and carbon emissions as an indicator of performance. Consumer adoption of a new technology is not decided by these factors but by whether the technology is economically viable or not. Hence, the methodology described in this work adds a critical dimension to the assessment of small scale heating systems of the future.
Methodology

Model Overview
The main objective of this work is to evaluate the impact of high penetration of low carbon sources on the techno-economics of heating technologies in individual households. To this end it combines a macro national level electricity system model with the operation of a micro level individual consumer model to simulate heating system operation in the year 2035. The macro level model simulates power dispatch of all generators in a power grid and the micro level model simulates the heating system in an individual household as shown in Figure 1 . The main link between these two models is the electricity price profile. This is a time varying parameter that is dependent upon the energy mix and the electricity price regime adopted by the electricity grid.
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Power Dispatch Model
The dispatch model used here is based on two possible electricity price regimes. The first is based on the status quo in electricity markets, which is driven by the short run marginal cost (SRMC) of generation [46] . A detailed discussion of model equations and validation can be found in [38] . The objective minimises the total electricity generation cost which is a combination of fuel, carbon and start-up costs:
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Supply demand balance is maintained by Equation (2) . Equation (3) represents a group of constraints that govern start-up, shut down, component limits and ramping limits. Equation (4) 
The dispatch model used here is based on two possible electricity price regimes. The first is based on the status quo in electricity markets, which is driven by the short run marginal cost (SRMC) of generation [46] . A detailed discussion of model equations and validation can be found in [38] . The objective minimises the total electricity generation cost which is a combination of fuel, carbon and start-up costs: 
Supply demand balance is maintained by Equation (2) . Equation (3) represents a group of constraints that govern start-up, shut down, component limits and ramping limits. Equation (4) represents a group of constraints related to storage capacity, charging limits, discharging limits and inter-temporal relations. It was shown in [38] that the mean value of wholesale price of electricity is nearly halved when there is a high penetration of low carbon sources. Such low electricity price signals provide very weak economic incentives to investors in the electricity system. Therefore, a second electricity price regime driven by the long run marginal cost of generation has been introduced. The main difference is that the cost now includes the annualised capital cost and annual utilization of different technologies. This is derived from the Average Energy Cost defined by Stoft [47] which is a function of fixed cost, capacity factor and variable cost as shown in Equation (5):
The long run marginal cost used in this work substitutes the fixed cost with the amortised value of the overnight cost per unit capacity. The variable cost is replaced by the short run marginal cost of electricity. This representation of electricity cost is analogous to what might be expected in a power purchase agreement auction for long carbon sources [48, 49] .
Since the dispatch of units is dependent on the capacity factor which is in turn dependent on dispatch, straight forward substitution is not possible, a recursive loop is used as explained below.
The cost component related to annualised capital cost divided by capacity factor is called the capital-utilization factor or CU cost. The renewable components only have a CU cost and do not have other associated costs. The conventional generators have additional components related to fuel, carbon, start-up, operation and maintenance cost. As the loop progresses, utilization of different conventional generators change. The utilization of renewables remains constant since cost of renewables is still lower than the conventional sources even with the capital-utilization cost. If the utilization of a conventional generator increases, its CU cost decreases and thus its likelihood of dispatch increases. As dispatch is non-linear process involving start-up and ramping, the loop continues until the CU costs converge for all technologies. The objective function is shown in Equation (6):
Both electricity price regimes are applied to a future scenario in the UK with high penetration of renewables in the year 2035. The comparison between the present day and the future scenario used in this article is presented in Table 2 . The future scenario details are the same as those used in [38] , using the National Grid Gone Green scenario as a basis [50] . This scenario features a five-fold increase in renewables and the total phasing out of coal so that the UK's carbon and renewable targets are met on time. Table 3 . The interactions between each of these components is shown in Figure 2 . The system is exposed to time varying electricity prices, import is charged at retail price and export attracts revenue at wholesale price. The inputs from the power dispatch model provide the wholesale price. Wholesale prices are uplifted by taxes, fuel duties and policy cost recovery based on data from the UK government [51] to calculate retail prices. 
Individual Heating Technology Model
System Description
This model represents the operation of different heating technologies within a household. The different options considered are summarised in Table 3 . The interactions between each of these components is shown in Figure 2 . The system is exposed to time varying electricity prices, import is charged at retail price and export attracts revenue at wholesale price. The inputs from the power dispatch model provide the wholesale price. Wholesale prices are uplifted by taxes, fuel duties and policy cost recovery based on data from the UK government [51] to calculate retail prices. 
Model Equations
Heating system control is determined by the solution of an optimization problem. Like the electricity system dispatch model, it is based on a mixed integer linear program. This is in contrast to the heat/electricity led operation and analytical simulation equations often used in existing literature. There are two factors which make an optimisation approach better suited to the current problem: (1) Time varying nature of electricity prices and (2) presence of thermal energy storage. The optimisation problem is able to calculate the best strategy that will result in the most value to the consumer. This can be through the usage of the thermal energy storage to reduce operational cost or through increase in on-site generation to export electricity during periods of high prices to increase revenue. The optimization approach is meant to be implemented with feedback about the state of charge of the storage unit and electricity price. Hence the operating strategy is subject to change unlike a heat/electricity led strategy which follows demand irrespective of other variations. Another distinction with existing literature is the type of model used. The focus of this article is the evaluation of economic viability of a technology through the use of dynamic optimal operating strategies and steady state models, while the focus of references like [16, 18] is the use of detailed component level models to evaluate performance with predetermined demand-led operating strategies. The model is applied to four representative days in a year (one for each season). Each day is divided into five minute intervals. The results from each day are weighted approximately equally to calculate the annual performance indices used for comparison. The structure of the problem can be summarised as:
Minimise operating cost (for CHP this includes the revenue gained from electricity export)
Electrical load balance Thermal load balance Heat to power ratio (for CHP) Thermal energy storage operation Component operational limits Details regarding mathematical modelling of these constraints are presented in the Supplementary Materials.
Performance Indicators
This study focuses on the comparison of economic and environmental performance. Economic performance is measured in terms of the Equivalent Annual Cost (EAC) which is defined as the export revenue subtracted from the sum of annualized capital and operational costs. Revenue and operational costs are weighted according to sample weights of representative days. Environmental performance is measured in terms of annual carbon emissions. This value is also weighted according to sample weights of representative days. Net emission for each sample day is defined as credit received for on-site generation subtracted from the sum of emissions from natural gas consumptions and electricity import. Equations for each of these indicators are present in the Supplementary Materials.
Data Used in the Simulations
Capital costs of different generator types are from a tool developed by the UK government [52] . Lifespan values for generator types are from [53] . Assumptions in the future electricity system scenario such as energy mix, fuel prices and renewable output are the same as those used in [38] , using the National Grid Gone Green scenario as a basis. The intensity of carbon emissions for electricity generation for the year 2035 is from the same National Grid reference [50] used in [38] . Natural gas prices are from the UK governments projections for the year 2035 [51] . Carbon prices are based on the non-traded price of carbon data in the UK government's valuation of energy use and greenhouse gas emissions [54] . The carbon intensity of natural gas is from a report on greenhouse gas reporting released by the UK government [55] . The uplift of wholesale price to give retail price is based on projections generated by the UK government [51] . Capital costs for heating technologies in the year 2035 are within the ranges specified in [56] and cross-referenced with the UK TIMES model [20] . Technology learning for the fuel cell, Stirling engine and heat pump has been discussed in existing literature [56] [57] [58] . As these learning curve forecasts tend to be especially optimistic about reduction in capital cost, this article makes use of realistic estimates used in the UK TIMES model [20] .Further details and individual values are presented in the Supplementary Materials.
Results and Discussion
Power Dispatch Model
Comparison of Wholesale Electricity Price Distribution
The dispatch problem calculates which generators are online at various points during the day. This selection is based on long run and short run costs depending on the regime used. The inclusion of capital cost significantly changes the distribution of prices as shown in Figure 3 . Mean of prices under the long run regime is around 70 £/MWh and mean under the short run regime is close to 20 £/MWh. The low short run prices are due a five-fold increase in renewable capacity in the overall electricity grid in the UK. Therefore the amount of zero short run marginal cost power being injected into the grid is considerably larger in the low carbon scenario. The mean electricity price encountered in the UK in the present day is around 50 £/MWh. Hence, a sixty percent decrease in electricity prices weakens the economic case for generators. They will not be able to pay back their capital costs if such low prices were to persist. The long run cost, which is analogous to the price one would expect in low carbon generation power purchase agreement auctions, is arguably a more reflective representation of future electricity prices. greenhouse gas emissions [54] . The carbon intensity of natural gas is from a report on greenhouse gas reporting released by the UK government [55] . The uplift of wholesale price to give retail price is based on projections generated by the UK government [51] . Capital costs for heating technologies in the year 2035 are within the ranges specified in [56] and cross-referenced with the UK TIMES model [20] . Technology learning for the fuel cell, Stirling engine and heat pump has been discussed in existing literature [56] [57] [58] . As these learning curve forecasts tend to be especially optimistic about reduction in capital cost, this article makes use of realistic estimates used in the UK TIMES model [20] .Further details and individual values are presented in the Supplementary material.
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Analysis of Wholesale Electricity Price Variation
This section deals with the factors that drive prices in the two electricity price regimes. Both regimes are based on marginal prices. This means that the overall price is the marginal cost of the most expensive generator online at any point of time. The dispatch of generators is based on different costs in the two regimes. As explained earlier, long run costs have an additional term related to the amortised upfront costs. Thus renewable sources also have an associated cost.
Operation of the long run regime on a spring day is shown in Figure 4a ,c. There is plenty of sunlight and wind as seen in Figure 4a . Fossil fuel generators are not necessary except after 6 PM since sunlight dies down in the evening. The operation of nuclear and wind till 7 AM results in relatively low values of electricity price as seen in Figure 4c . Injection of solar power increases price towards mid-day. The marginal cost of solar power is larger than wind due to a lower value of capacity factor. A further increase in electricity price is seen beyond 6 PM due to the dispatch of Coal units fitted with Carbon Capture and Storage (CCS)
Operation of the long run regime on a spring day is shown in Figure 4a ,c. There is plenty of sunlight and wind as seen in Figure 4a . Fossil fuel generators are not necessary except after 6 PM since sunlight dies down in the evening. The operation of nuclear and wind till 7 AM results in relatively low values of electricity price as seen in Figure 4c . Injection of solar power increases price towards mid-day. The marginal cost of solar power is larger than wind due to a lower value of capacity factor. A further increase in electricity price is seen beyond 6 PM due to the dispatch of Coal units fitted with Carbon Capture and Storage (CCS). As utilization of conventional generators decreases significantly in a low carbon future, their marginal cost is larger. Operation of the short run regime on a winter day in shown in Figure 4b ,d. There is lesser sunlight in winter as seen in Figure 4b , but since these is no dearth of wind, the electricity price Figure 4b , but since these is no dearth of wind, the electricity price remains low through most of the day. The electricity price increases due to a brief appearance of Coal units fitted with CCS around 6 PM. But the magnitude of electricity price does not cross the 100 £/MWh.
It is also clear from Figure 4c ,d that the short run electricity price regime involves much lower prices when compared to the long run electricity price regime. Thus the long run electricity price regime is more likely to provide an appropriate price signal to generators necessary to maintain system security.
Performance of Heating Systems
The operation of the heating system is simulated by the optimization problem described in Section 3.3.2. Representative demand profiles for three house sizes: small, medium and large are used. The demand profiles used for this representation are sourced from [59] , and depict four seasons using a highly temporally-resolved diurnal profile for each. Annual values of electric and heat demand for each house are presented in Table 4 . Five different heating system options are compared: Boiler, electric heater, air source heat pump, fuel cell micro CHP and Stirling engine micro CHP. All options are compared to incumbent technology in the UK, which is a boiler for providing heat, with electricity from the central grid to serve the electricity demand. 
Equivalent Annual Cost (EAC)
The EAC for each of the cases are presented in Figures 5 and 6 . A technology option is said to be economically viable if its EAC is lower than the baseline case involving the boiler and central grid. Figure 5 shows that there is little difference in EAC under the short run regime. The decrease in annual electricity costs (in comparison to the baseline) in the fuel cell and Stirling engine cases is due to onsite generation. This decrease is seen to be larger with the fuel cell, which is due to its higher utilization. Higher utilization leads to more savings, but the savings are still not enough to offset the additional capital expense. None of the options are seen to be viable in the short run regime except the heat pump in the large house. The heat pump is different from the baseline in two aspects: the absence of gas and carbon costs due to reliance on electricity and the inclusion of a thermal storage unit. Every kWh of thermal demand requires 4.5 p for gas and 2.08 p for carbon costs in the baseline case. Serving an equivalent heat demand with the heat pump is related to the retail price of electricity, which is 13.57 p/kWh, divided by the coefficient of performance of the heat pump resulting in 4.52 p/kWh of thermal demand. So the savings increase as the annual heat demand increases and the heat pump is able to offset the capital costs in the case of the large house.
Higher electricity prices in the long run regime in Figure 6 change the outcome. The higher electricity prices push the heat pump EACs to levels higher than the reference case. High electricity prices and future gas prices are conducive for on-site generation. The higher wholesale price in the long run regime also incentivises micro-CHP to export electricity, further lowering the EACs for these technologies. The fuel cell is able to perform better than the Stirling engine since its low heat-to-power ratio allows for higher utilisation, apparent in the higher level of export and lower consumption of grid electricity. Since micro-CHP units are not allowed to discard excess heat production, the low heat to power ratio of the fuel cell allows for more on-site generation while the high heat to power ratio of the Stirling engine limits its performance. None of the options are cost-competitive except the fuel cell in the large house. As with the short run regime, the savings in operational costs of the fuel cell are enough to offset capital costs only with a large value of annual heat demand.
The electrical demand for the heat pump in the medium and large house are seen to be similar in Figures 5 and 6 . This can be attributed to the increase in heat demand being offset by the lower electrical demand in the large house. The composition of costs related to electricity for the heat pump are presented in Tables 5 and 6 . It is worth noting that the electric heater is identical to the baseline case. This was included to investigate if there was any scope to make use of variability in electricity prices to buffer energy in the thermal energy storage. The results indicate that electric heater utilization was not significant.
Carbon Emissions
Comparison of the environmental performance of the systems is shown in Figure 7 . The heat pump is seen to perform better in both electricity price regimes. This is due to the low carbon intensity associated with electricity grid in the low carbon future scenario. The situation changes when the heating system includes micro CHP units. Co-generation of electricity and heat is more cost effective. But this increases natural gas usage. The net emissions after deducting the amount generated on-site is still higher than the baseline for the fuel cell under both regimes. Emissions from the Stirling engine are slightly lower than the baseline in the short run regime. The economic objective function and the low heat to power ratio of the fuel cell leads to higher onsite generation than the Stirling engine. This leads to higher emissions. As seen before, the electric heater is identical to the baseline due to low heater utilization. It is worth noting that the electric heater is identical to the baseline case. This was included to investigate if there was any scope to make use of variability in electricity prices to buffer energy in the thermal energy storage. The results indicate that electric heater utilization was not significant.
Comparison of the environmental performance of the systems is shown in Figure 7 . The heat pump is seen to perform better in both electricity price regimes. This is due to the low carbon intensity associated with electricity grid in the low carbon future scenario. The situation changes when the heating system includes micro CHP units. Co-generation of electricity and heat is more cost effective. But this increases natural gas usage. The net emissions after deducting the amount generated on-site is still higher than the baseline for the fuel cell under both regimes. Emissions from the Stirling engine are slightly lower than the baseline in the short run regime. The economic objective function and the low heat to power ratio of the fuel cell leads to higher onsite generation than the Stirling engine. This leads to higher emissions. As seen before, the electric heater is identical to the baseline due to low heater utilization. 
Sensitivity Analysis
The results presented in Section 4.2 are closely tied to certain parameters. In this section we study the impact of the most critical parameters which affect the results presented earlier. The two parameters which are most likely to change the environmental and economic performance are carbon intensity of electricity grid and natural gas prices. Analysis of the model equations reveals that a unit change in natural gas price would have the same effect as a corresponding change in the carbon price. Hence, the sensitivities related to natural gas price also apply to corresponding changes in carbon price. Finally this section also discusses the influence of thermodynamic performance criteria on EAC and emissions. 
The results presented in Section 4.2 are closely tied to certain parameters. In this section we study the impact of the most critical parameters which affect the results presented earlier. The two parameters which are most likely to change the environmental and economic performance are carbon intensity of electricity grid and natural gas prices. Analysis of the model equations reveals that a unit change in natural gas price would have the same effect as a corresponding change in the carbon price. Hence, the sensitivities related to natural gas price also apply to corresponding changes in carbon price. Finally this section also discusses the influence of thermodynamic performance criteria on EAC and emissions.
Emission Sensitivity
The impact of varying the carbon intensity of electricity grid on annual emissions of a typical medium sized house are shown in Figure 8 . It can be seen that the forecast for the carbon intensity of the electricity grid is on the lower end due to the high penetration of low carbon sources.
It can be seen that the solid (short run) and dotted (long run) lines overlap in all cases other than the fuel cell. This is due to the fact that only the fuel cell displays significant change in operation when the electricity price regimes are changed. The boiler and electric heater overlap each other due to low utilization of the electric heater. The slope of the Stirling engine line is less steep in comparison to the boiler since the net emissions account for electricity export. The heat pump is the best performer until 0.28 kgCO 2 /kWh beyond which the fuel cell takes over as it gets more credit for on-site generation. The impact of varying the carbon intensity of electricity grid on annual emissions of a typical medium sized house are shown in Figure 8 . It can be seen that the forecast for the carbon intensity of the electricity grid is on the lower end due to the high penetration of low carbon sources.
It can be seen that the solid (short run) and dotted (long run) lines overlap in all cases other than the fuel cell. This is due to the fact that only the fuel cell displays significant change in operation when the electricity price regimes are changed. The boiler and electric heater overlap each other due to low utilization of the electric heater. The slope of the Stirling engine line is less steep in comparison to the boiler since the net emissions account for electricity export. The heat pump is the best performer until 0.28 kgCO2/kWh beyond which the fuel cell takes over as it gets more credit for on-site generation. Another factor that has an indirect impact on annual emissions is the price of natural gas. This parameter has an effect on emissions since a change in gas prices results in a change in operation. Results of the sensitivity analysis are shown in Figure 9 . As seen earlier, the difference between the regimes is only clear in the fuel cell case. Low utilization results in overlapping lines for the boiler, electric heater and Stirling engine at higher gas prices. Low gas prices leads to greater on site generation for both the fuel cell and Stirling engine causing an increase in emissions. The fuel cell tends to generate more in the long run regime to export electricity which further increases its emissions. Higher gas prices tend to decrease on-site generation, hence also decreasing emissions. Another factor that has an indirect impact on annual emissions is the price of natural gas. This parameter has an effect on emissions since a change in gas prices results in a change in operation. Results of the sensitivity analysis are shown in Figure 9 . As seen earlier, the difference between the regimes is only clear in the fuel cell case. Low utilization results in overlapping lines for the boiler, electric heater and Stirling engine at higher gas prices. Low gas prices leads to greater on site generation for both the fuel cell and Stirling engine causing an increase in emissions. The fuel cell tends to generate more in the long run regime to export electricity which further increases its emissions. Higher gas prices tend to decrease on-site generation, hence also decreasing emissions.
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Equivalent Annual Cost Sensitivity
Natural gas price is very closely tied to the economic performance of the heating system. The changes in EAC under various natural gas prices are shown in Figures 10 and 11 . In general, the EACs of all technologies except the heat pump increase with an increase in natural gas prices. This is due to an increase in operational cost for all technologies using natural gas and a decrease in export revenue for micro CHPs. The EACs encountered in the long run regime are higher than those of the corresponding technologies in the short run regime. This can be attributed to higher electricity prices. The Stirling engine and electric heater are not viable for any of the natural gas prices considered in both regimes. The fuel cell is not viable in the short run regime but is found to be useful below a natural gas price of 4.25 p/kWh in the long run regime. This goes to show that export revenue plays a major role in the techno-economics of fuel cells in the long run regime. Export is not as attractive in the short run regime because of lower electricity prices. The inability of the Stirling engine to export much electricity impairs its economic case, even with low natural gas prices in the long run regime. The heat pump operation is not affected by natural gas prices. But its viability is tied to an increase in baseline cost due to an increase in natural gas price. This happens beyond approximately 5.25 p/kWh in the short run electricity price regime and beyond approximately 7.25 p/kWh in the long run electricity price regime. 
Maximum Additional Capital Cost Sensitivity
The maximum additional capital cost that can be incurred to purchase an alternative technology (i.e., alternative to the conventional technology, a boiler) can be calculated by comparing the equivalent annual cost of the boiler baseline with the operational cost and revenue generated by the technology The maximum allowable capital cost values for all technologies are shown in Figure 12 . It is clear that the heat pump is better suited for the short run regime and micro-CHP is better suited for the long run regime. This can be inferred from the fact that the solid lines representing the long run regime are above the dotted ones representing the short run regime in the case of the fuel cell and Stirling engine. The inverse is true for the heat pump with the dotted line appearing above the solid one. The solid line in the heat pump is even below zero for natural gas prices below 2.5 p/kWh. This means that heat pumps would not be viable in the long run regime even if they were distributed for free in these cases. High natural gas prices work in favour of heat pumps by pushing up the baseline costs and drive allowable capital costs above the forecast beyond 5.5 p/kWh in the short run regime and beyond 7.25 p/kWh in the long run regime. Micro-CHP utilization is higher under the long run regime and hence produces larger allowable capital cost values. The maximum allowable capital cost of a fuel cell in the long run regime is above the forecast when natural gas prices are low. But the same is not true beyond 4.5 p/kWh in the long run regime and not at all in the short run regime. The allowable capital cost for the Stirling engine is below the forecast under both electricity price regimes.
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The maximum additional capital cost that can be incurred to purchase an alternative technology (i.e., alternative to the conventional technology, a boiler) can be calculated by comparing the equivalent annual cost of the boiler baseline with the operational cost and revenue generated by the technology under consideration. This represents the additional annualised capital cost that could be paid for the alternative technology and still break even with the boiler only option.
The maximum allowable capital cost values for all technologies are shown in Figure 12 . It is clear that the heat pump is better suited for the short run regime and micro-CHP is better suited for the long run regime. This can be inferred from the fact that the solid lines representing the long run regime are above the dotted ones representing the short run regime in the case of the fuel cell and Stirling engine. The inverse is true for the heat pump with the dotted line appearing above the solid one. The solid line in the heat pump is even below zero for natural gas prices below 2.5 p/kWh. This means that heat pumps would not be viable in the long run regime even if they were distributed for free in these cases. High natural gas prices work in favour of heat pumps by pushing up the baseline costs and drive allowable capital costs above the forecast beyond 5.5 p/kWh in the short run regime and beyond 7.25 p/kWh in the long run regime. Micro-CHP utilization is higher under the long run regime and hence produces larger allowable capital cost values. The maximum allowable capital cost of a fuel cell in the long run regime is above the forecast when natural gas prices are low. But the same is not true beyond 4.5 p/kWh in the long run regime and not at all in the short run regime. The allowable capital cost for the Stirling engine is below the forecast under both electricity price regimes. 
Engineering Design Parameters
EAC and emissions are also linked to parameters such as Coefficient of Performance (CoP) and efficiency. Hence this section is devoted to quantifying the effect of variation in these parameters on economic and environmental performance. Figures 13 and 14 show that impact of heat pump design on economic performance is larger than environmental performance. Increase in CoP results in a reduction in electricity imported. This leads to a greater decrease in EAC than emissions since the Figure 12 . Capital cost sensitivity to natural gas price in the short run (dotted lines) and long run (solid lines) electricity price regime.
EAC and emissions are also linked to parameters such as Coefficient of Performance (CoP) and efficiency. Hence this section is devoted to quantifying the effect of variation in these parameters on economic and environmental performance. Figures 13 and 14 show that impact of heat pump design on economic performance is larger than environmental performance. Increase in CoP results in a reduction in electricity imported. This leads to a greater decrease in EAC than emissions since the emissions associated with grid electricity is a low value. The heat pump is not economically viable for any of the CoP values considered except when CoP approaches four in the short run regime.
emissions associated with grid electricity is a low value. The heat pump is not economically viable for any of the CoP values considered except when CoP approaches four in the short run regime. emissions associated with grid electricity is a low value. The heat pump is not economically viable for any of the CoP values considered except when CoP approaches four in the short run regime. A similar analysis for micro-CHP units involves the variation of electrical efficiency. The overall efficiency is kept constant at 90%. The results are shown in Figures 15-18. A similar analysis for micro-CHP units involves the variation of electrical efficiency. The overall efficiency is kept constant at 90%. The results are shown in Figures 15-18 . A similar analysis for micro-CHP units involves the variation of electrical efficiency. The overall efficiency is kept constant at 90%. The results are shown in Figures 15-18 . The trends shown are similar for both fuel cell and Stirling engine. As electrical efficiency increases, EAC decreases and carbon emission increases. As the electrical efficiency increases, the heat to power ratio decreases allowing the micro-CHP to serve a larger portion of demand in the The trends shown are similar for both fuel cell and Stirling engine. As electrical efficiency increases, EAC decreases and carbon emission increases. As the electrical efficiency increases, the heat to power ratio decreases allowing the micro-CHP to serve a larger portion of demand in the The trends shown are similar for both fuel cell and Stirling engine. As electrical efficiency increases, EAC decreases and carbon emission increases. As the electrical efficiency increases, the heat to power ratio decreases allowing the micro-CHP to serve a larger portion of demand in the house. An increase in utilization results in a corresponding increase in the savings and natural gas consumption explaining the patterns seen in Figures 15-18 .
Conclusions
In this paper a novel modelling approach to analysing the impact of power system decarbonisation on the techno-economics of low carbon heating systems has been presented. Since high penetration of low carbon sources in the electricity system is seen to weaken the economic case for investment in generation capacity, an electricity regime based on long run costs instead of short run costs is introduced. In addition to this an optimization model that determines operating strategies to handle time varying electricity prices and energy balance of thermal energy storage is also discussed. The different sections come together to evaluate technology viability in a future scenario with high penetration of solar, wind and nuclear sources.
The different heating technologies considered are quite similar in terms of annualised cost effectiveness even with optimal operating strategies. Success is likely to be driven by evolution of market conditions, the carbon intensity of the central grid and design improvements in technologies, all of which have been covered in the sensitivity studies. Fuel cells show the most potential under the long run electricity price regime and heat pumps show the most potential under the short run electricity price regime. Technology adoption may also be influenced by factors not central to economic or environmental performance such as perceived comfort and relative inconvenience of installation. Such factors are beyond the scope of this article and are flagged as directions for future research.
The energy requirement of small and medium houses are not sufficient to warrant the installation of new technologies. The savings in operational cost begins to add value for the consumer only when the technologies are installed in dwellings with high values of annual heat demand.
If carbon abatement is the top priority, heat pumps outperform all other options considered in this paper. However, their economic case is weakened by high capital costs, or by the higher electricity prices observed in the long run electricity pricing regime. Therefore, achieving deep reductions in residential space heating emissions will likely require stronger policy instruments in the medium term; the non-traded carbon price forecast at the time of writing is not sufficient.
Overall it is evident from the results that the best performing heating technology in the future is closely tied to the electricity price regime. The means the electricity market arrangements that determine how price is formed for the consumer will have a significant impact on heating techno-economics. The model described here is a useful tool to evaluate heating systems of the future from the consumer perspective.
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